T HE year 1847 marks an epoch in the history of science. On April 28, 1847, JAMES PRESCOTT JOULE (1818-1889) gave his first (and only) full and clear exposition of the universality of what we now call the principle of conservation of energy, and in June and August of the same year the significance of his careful determinations of the mechanical equivalent of heat was first recognized by his scientific peers. Because his conclusions were based upon the most careful and painstaking measurements, they have stood the test of time and remain, a hundred years later, as one of the corner stones of physical science. Many physicists will therefore wish to commemorate this centennial by re-reading JOULE'S own exposition of the great and fruitful generalization he was instrumental in establishing-an exposition that was written only after he had been led by his experiments to a full realization of their general significance. The purpose of this paper is to reproduce this exposition in full so that it may be readily available. Those physicists who will also take the time to re-read OSBORNE REYNOLD'S "Memoir of James Prescott Joule'',! which has been characterized as the "best biography of a scientist in the English language," will be amply repaid.
While the Institute of France was the first national academy or institute to recognize the importance of JOULE'S determinations of the mechanical equivalent of heat,2 the meeting of the British Association for the Advancement of Science at Oxford on June 23, 1847, will always be memorable as the occasion on which the work on the mechanical equivalent received its first recognition by any English physicist. Fortunately both JOULE and WILLIAM THOMSON 10. Reynold, Mem. Proc. Manchester Lit. and Phil. Soc. (4) 6, 1-191 (1892) .
2 "Experiences sur l'identite entre Ie calorique et la force (LORD KELViN) have recorded what took place. Thus Joule, himself, wrote in 1885 as follows: 3
It was in the year 1843 that I read a paper "On the Calorific Effects of Magneto-Electricity and the Mechanical Value of Heat" to the Chemical Section of the British Association assembled at Cork. With the exception of some eminent men, among whom I recollect with pride Dr. Apjohn, the president of the Section, the Earl of Rosse, Mr. Eaton Hodgkinson, and others, the subject did not excite much general attention; so that when I brought it forward again at the meeting in 1847, the chairman suggested that, as the business of the section pressed, I should not read my paper, but confine myself to a short verbal description of my experiments. This I endeavoured to do, and discussion not being invited, the communication would have passed without comment if a young man had not risen in the section, and by his intelligent observations created a lively interest in the new theory. The young man was William Thomson, who had two years previously passed the University of Cambridge with the highest honour, and is now probably the foremost scientific authority of the age.
KELVIN'S accounts of this memorable meeting and of its consequences are fuller and more revealing. In an address 4 delivered on the occasion of the unveiling of JOULE'S statue 5 in the Manchester Town Hall, December 7, 1893, he made this gracious statement:
I can never forget the British Association at Oxford in the year 1847, when in one of the sections I heard a paper read by a very unassuming young man who betrayed no consciousness in his manner that he had a great idea to unfold. I was tremendously struck with the paper. I at first thought it could not be true because it was different from Carnot's theory, and immediately after the reading of the paper I had a few words of conversation with the author James Joule, which was the beginning of our forty years' acquaintance and frien:dship. On the evening of the same day that very valuable Institution of the British Association, its conversazione, gave us opportunity for a good hour's talk and discussion over all that mecanique. Determination de l'equivalent par la chaleur 3 Joint scientific papers of James Prescott Joule (London, degagee pendant la friction du mercure. Par M. J. P. But what was my surprise a fortnight later when, walking down the vaHey of Chamounix, I saw in the distance a young man walking up the road toward me and carrying in his hand something that looked like a stick, but which he was using neither as an Alpenstock nor as a walking stick. It was Joule with a long thermometer in his hand, which he would not trust by itself in the char-a-banc coming slowly up the hill behind him lest it should get broken. But there comfortably and safely seated on the char-a-banc was his bride-the sympathetic companion and sharer in his work of after years. He had not told in Section A or in the Radcliffe Library that he was going to be married in three days, but now in the valley of Chamounix, he introduced me to his young wife. We appointed to meet again a fortnight later at Martigny to make experiments on the heat of a waterfall (Sallanches) with that thermometer: and afterwards we met again and again and again, and from that time indeed remained close friends till the end of Joule's life. I had the great pleasure and satisfaction for many years, beginning just forty years ago, of making experiments along with Joule which led to some important results in respect to the theory of thermodynamics. This is one of the most valuable recollections of my life, and is indeed as valuable a recollection as I can conceive in the possession of any man interested in science.
Much the same story is told, but with some additional details, in a letter to J. T. BOTTOMLEY which forms a part of a brief biographical memoir.6 Only such parts are quoted here as help to fill out the picture just sketched:
I made Joule's acquaintance at the Oxford Meeting, and it quickly ripened into a life-long friendship. I heard his paper read at the sections, and felt strongly impelled to rise and say that it must be wrong, because the true mechanical value of heat given, suppose to warm water, must, for small differences of temperature, be proportional to the square of its quantity. I knew from Carnot's law that this must be true (and it is true; only now I call it "motivity," in order not to clash with Joule's "Mechanical Value"). But as I listened on and on, I saw that (though Carnot had a vitally important truth not to be abandoned) Joule had certainly a great truth and a great discovery, and a most important measurement to bring forward. So instead of rising with my objection to the meeting, 6 Nature 26, 617 (1882). I waited till it was over and said my say to Joule himself at the end of the meeting. This made my first introduction to him . . . .
Joule's paper at the Oxford meeting made a great. sensation. Faraday was there, and was much struck with it, but did not enter fully into the new views. It was many years after that, before any of the scientific chiefs began to give their adhesion. It was not long after when Stokes told me he was inclined to be a Joulite.
Miller or Graham, or both, were for many years quite incredulous as to Joule's results, because they all depended on fractions of a degree of temperaturesometimes very small fractions. His boldness in making such large conclusions from such very small observational effects, is almost as noteworthy and admirable as his skill in extorting accuracy from them. I remember distinctly at the Royal Society, 1 think it was either Graham or Miller saying simply he did not believe Joule because he had nothing but hundredths of a degree to prove his case by.
JOULE'S only exposition of the principle of conservation of energy in all its generality was given in a popular lecture at St. Ann's Church Reading Room in Manchester on April 28, 1847. This lecture, entitled "On Matter, Living Force, and Heat,"7 is reproduced in full at the end of this paper. In order to appreciate it properly it is necessary to remember that the terms "potential energy" and "kinetic energy," as we now use them in scientific parlance, had not yet come into existence. The term "potential energy" was first used by the Scottish engineer, W. J. M. RANKINE, in a paper8 read before the Philosophical Society of Glasgow in 1853, and the term "kinetic energy" was introduced by LORD KELVIN in 1879 9 or a little earlier,l° It is interesting to compare this exposition of JOULE'S with that of JULIUS ROBERT MAYER (McGraw-Hill, 1935), pp. 197-203, and Isis 13, 27-33 (1929) . 12 For an objective appraisal of the merits of the various claims put forward for Mayer and Joule see G. Sarton, Isis 13, 18 (1929). while JOULE'S was based upon "measurement, rigorous experiment and observation, and philosophic thought all round the field of physical science."13 His experiments on the mechanical equivalent covered a period of about 40 years. Reference to the original papers themselves is necessary if one is to form a correct idea of the enormous experimental labor they represenU 4 As J. CLERK MAXWELL wrote to BALFOUR STEWART/ 5 "there are only a very few men who have stood in a similar position and who have been urged by the love of some truth which they were confident was to be found though its form was as yet undefined to devote themselves to minute observations and patient manual and mental toil in order to bring their thoughts into exact accordance with things as they are." 
Secretary of the Manchester Literary and Philosophical Society
In our notion of matter two ideas are generally included, namely those of impenetrability and extension. By the extension of matter we mean the space which it occupies; by its impenetrability we mean that two bodies cannot exist at the same time in the same place. Impenetrability and extension cannot with much propriety be reckoned among the properties of matter, but deserve rather to be called its definitions, because nothing that does not possess the two qualities bears the name of matter. If we conceive of impenetrability and extension we have the idea of matter, and of matter only.
Matter is endowed with an exceedingly great variety of wonderful properties, some of which are common to all matter, while others are present variously, so as to constitute a difference between one body and another. Of the first of these classes, the attraction of gravitation is one of the most important. We observe its presence readily in all solid bodies, the component parts of which are, in the opinion of Majocci, held together by this force. If we break the body in pieces, and remove the separate pieces to a distance from each other, they will still be found to attract each other, though in a very slight degree, owing to the force being one which diminishes very rapidly as the bodies are removed further from one another. The larger the bodies are the more powerful is the force of attraction subsisting between them. Hence, although the force of attraction between small bodies can only be appreciated by the most delicate apparatus except in the case of contact, that which is occasioned by a body of immense magnitude, such as the earth, becomes very considerable. This attraction of bodies towards the earth constitutes what is called their weight or gravity, and is always exactly proportional to the quantity of matter. Hence, if any body be found to weigh 2 lb., while another only weighs 1 lb., the former will contain exactly twice as much matter as the latter; and this is the case, whatever the bulk of the bodies may be: 2-lb. weight of air contains exactly twice the quantity of matter that lib. of lead does. 13 Lord Kelvin, Popular lectures and addresses (Macmillan, 1894), vol. 2, p. 564. 14 See The scientific papers of James Prescott Joule London, (1884, 1887) .
Matter is sometimes endowed with other kinds of attraction besides the attraction of gra vita tion; sometimes also it possesses the faculty of repulsion, by which force the particles tend to separate further from each other. Wherever these forces exist, they do not supersede the attraction of gravitation. Thus the weight of a piece of iron or steel is in no way affected by imparting to it the magnetic virtue.
Besides the force of gravitation, there is another very remarkable property displayed in an equal degree by every kind of matter-its perseverance in any condition, whether of rest or motion, in which it may have been placed. This faculty has received the name of inertia, signifying passiveness, or the inability of any thing to change its own state. It is in consequence of this property that a body at rest cannot be set in motion without the application of a certain amount of force to it, and also that when once the body has been set in motion it will never stop of itself, but continue to move straight forwards with a uniform velocity until acted upon by another force, which, if applied contrary to the direction of motion, will retard it, if in the same direction will accelerate it, and if sideways will cause it to move in a curved direction. In the case in which the force is applied contrary in direction, but equal in degree to that which set the body first in motion, it wiII be entirely deprived of motion whatever time may have elapsed since the first impUlse, and to whatever distance the body may have travelled.
From these facts it is obvious that the force expended in setting a body in motion is carried by the body itself, and exists with it and in it, throughout the whole course of its motion. This force pdssessed by moving bodies is termed by mechanical philosophers vis viva, or living force. The term may be deemed by some inappropriate, inasmuch as there is no life, properly speaking, in question; but it is 1S Letter preserved among the historical items in the Department of Pure and Applied Physics, College of Technology, Manchester, England. See "The-Joule collection in the College of Technology, Manchester," by H. Lowery, J. Sci. Inst. 7, 369 (1930); 8, 1 (1931) .
JAMES PRESCOTT JOULE (1818-1889). [From an engraving by H. Manesse after the painting by George Patten in the possession of the Manchester Literary and Philosophical Society.]
useful in order to distinguish the moving force from that which is stationary in its character, as the force of gravity. When, therefore, in the subsequent parts of this lecture I employ the term living force, you will understand that I simply mean the force of bodies in motion. The living force of bodies is regulated by their weight and by the velocity of their motion. You will readily understand that if a body of a certain weight possess a certain quantity of living force, twice as much living force will be possessed by a body of twice the weight, provided both bodies move with equal velocity. But the law by which the velocity of a body regulates its living force is not so obvious. At first sight one would imagine that the living force would be simply proportional to the velocity, so that if a body moved twice as fast as another, it would have twice the impetus or living force. Such, however, is not the case; for if three bodies of equal weight move with the respective velocities of 1, 2, and 3 miles per hour, their living forces will be found to be proportional to those numbers multiplied by themselves, viz. to lXt, 2X2, 3X3, or 1,4, and 9, the squares of 1, 2, and 3. This remarkable law may be proved in several ways. A bullet fired from a gun at a certain velocity will pierce a block of wood to only one quarter of the depth it would if propelled at twice the velocity. Again, if a cannon-ball were found to :fly at a certain velocity when propelled by a given charge of gun-powder, and it were required to load the cannon so as to propel the ball with twice that velocity, it would be found necessary to employ four times the weight of powder previously used. Thus, also, it will be found that a railway-train going at 70 miles per hour possesses 100 times the impetus, or living force, that it does when travelling at 7 miles per hour.
A body may be endowed with living force in several ways. It may receive it by the impact of another body. Thus, if a perfectly elastic ball be made to strike another similar ball of equal weight at rest, the striking ball will communicate the whole of its living force to the ball struck, and, remaining at rest itself, will cause the other ball to move in the same direction and with the same velocity that it did itself before the collision. Here we see an instance of the facility with which living force may be transferred from one body to another. A body may also be endowed with living force by means of the action of gravitation upon it through a certain distance. If I hold a ball at a certain height and drop it, it will have acquired when it arrives at the ground a degree of living force proportional to its weight and the height from which it has faIlen. We see, then, that living force may be produced by the action of gravity through a given distance or space. We may, therefore, say that the former is of equal value, or equivalent, to the latter. Hence, if I raise a weight of 1 lb. to the height of one foot, so that gravity may act on it through that distance, I shall communicate to it that which is of equal value or equivalent to a certain amount of living force; if I raise the weight to twice the height, I shall communicate to it the equivalent of twice the quantity of living force. Hence, also, when we compress a spring, we communicate to it the equivalent to a certain amount of living force; for in that case we produce molecular attraction between the particles of the spring through the distance they are forced asunder, which is strictly analogous to the production of the attraction of gravitation through a certain distance.
You will at once perceive that the living force of which we have been speaking is one of the most important qualities with which matter can be endowed, and, as such, that it would be absurd to suppose that it can be destroyed, or even lessened, without producing the equivalent of attraction through a given distance of which we have been speaking. You will therefore be surprised to hear that until very recently the universal opinion has been that living force could be absolutely and irrevocably destroyed at anyone's option. Thus, when a weight falls to the ground, it has been generally supposed that its living force is absolutely annihilated, and that the labour which may have been expended in raising it to the elevation from which it fell has been entirely thrown away and wasted without the production of any permanent effect whatever.
We might reason, a priori, that such absolute destruction of living force cannot possibly take place, because it is manifestly absurd to suppose that the powers with which God has endowed matter can be destroyed any more than that they can be created by man's agency; but we are not left with this argument alone, decisive as it must be to every unprejudiced mind. The common experience of every one teaches him that living force is not destroyed by the friction or collision of bodies. We have reason to believe that the manifestations of living force on our globe are, at the present time, as extensive as those which have existed at any time since its creation, or, at any rate, since the deluge-that the winds blow as strongly, and the torrents flow with equal impetuosity now, as at the remote period of 4000 or even 6000 years ago; and yet we are certain that, through that vast interval of time, the motions of the air and of the water have been incessantly obstructed and hindered by friction. We may conclude, then, with certainty, that these motions of air and water, constituting living force, are not annihilated by friction. We lose sight of them, indeed, for a time; but we find them again reproduced. Were it not so, it is perfectly obvious that long ere this all nature would have come to a dead standstill. What, then, may we inquire, is the cause of this apparent anomaly? How comes it to pass that, though in almost all natural phenomena we witness the arrest of motion and the apparent destruction of living force, we find that no waste or loss of living force has actually occurred? Experiment has enabled us to answer these questions in a satisfactory manner; for it has shown that, wherever living force is apparently destroyed, an equivalent is produced which in process of time may be reconverted into living force. This equivalent is heat. Experiment has shown that wherever living force is apparently destroyed or absorbed, heat is produced. The most frequent way in which living force is thus converted into heat is by means of friction. Wood rubbed against wood or against any hard body, metal rubbed against metal or against any other body-in short, all bodies, solid or even liquid, rubbed against each other are invariably heated, sometimes even so far as to become red-hot. In all these instances the quantity of heat produced is invariably in proportion to the exertion employed in rubbing the bodies together-that is, to the living force absorbed. By fifteen or twenty smart and quick strokes of a hammer on the end of an iron rod of about a quarter of an inch in diameter placed upon an anvil an expert blacksmith will render that end of the iron visibly red-hot. Here heat is produced by the absorption of the living force of the descending hammer in the soft iron; which is proved to be the case from the fact that the iron cannot be heated if it be rendered hard and elastic, so as to transfer the living force of the hammer to the anvil.
The general rule, then, is, that wherever living force is apparently destroyed, whether by percussion, friction, or any similar means, an exact equivalent of heat is restored. The converse of this proposition is also true, namely, that heat cannot be lessened or absorbed without the production of living force, or its equivalent attraction through space. Thus, for instance, in the steam-engine it will be found that the power gained is at the expense of the heat of the firethat is, that the heat occasioned by the combustion of the coal would have been greater had a part of it not been absorbed in producing and maintaining the living force of the machinery. It is right, however, to observe that this has not as yet been demonstrated by experiment. But there is no room to doubt that experiment would prove the correctness of what I have said; for I have myself proved that a conversion of heat into living force takes place in the expansion of air, which is analogous to the expansion of steam in the cylinder of the steam-engine. But the most convincing proof of the conversion of heat into liVIng force has been derived from my experiments with the electromagnetic engine, a machine composed of magnets and bars of iron set in motion by an electrical battery. I have proved by actual experiment that, in exact proportion to the force with which this machine works, heat is abstracted from the electrical battery. You see, therefore, that living force may be converted into heat, and that heat may be converted into living force, or its equivalent attraction through space. All three, therefore-namely, heat, living force, and attraction through space (to which I might also add light, were it consistent with the scope of the present lecture)-are mutually convertible into one another. In these conversions nothing is ever lost. The same quantity of heat will always be converted into the same quantity of living force. We can therefore express the equivalency in definite language applicable at all times and under all circumstances. Thus the attraction of 817 lb. through the space of one foot is equivalent to, and convertible into, the living force possessed by a body of the same weight of 817 lb. when moving with the velocity of eight feet per second, and this living force is again convertible into the quantity of heat which can increase the temperature of one pound of water by one degree Fahrenheit. The knowledge of the equivalency of heat to mechanical power is of great value in solving a great number of interesting and important questions. In the case of the steam-engine, by ascertaining the quantity of heat produced by the combustion of coal, we can find out how much of it is converted into mechanical power, and thus come to a conclusion how far the steam-engine is susceptible of further improvements. Calculations made upon this principle have shown that at least ten times as much power might be produced as is now obtained by the combustion of coal. Another interesting conclusion is, that the animal frame, though destined to fulfil so many other ends, is as a machine more perfect than the best contrived steam-engine--that is, is capable of more work with the same expenditure of fuel.
Behold, then, the wonderful arrangements of creation. The earth in its rapid motion round the sun possesses a degree of living force so vast that, if turned into the equivalent of heat, its temperature would be rendered at least 1000 times greater than that of red-hot iron, and the globe on which we tread would in all probability be rendered equal in brightness to the sun itself. And it cannot be doubted that if the course of the earth were changed so that it might fall into the sun, that body, so far from being cooled down by the contact of a comparatively cold body, would actually blaze more brightly than before in consequence of the living force with which the earth struck the sun being converted into its equivalent of heat. Here we see that our e.xistence depends upon the maintenance of the living force of the earth. On the other hand, our safety equally depends in some instances upon the conversion of living force into heat. You have, no doubt, frequently observed what are called shooting-stars, as they appear to emerge from the dark sky of night, pursue a short and rapid course, burst, and are dissipated in shining fragments. From the velocity with which these bodies travel, there can be little doubt that they are small planets which, in the course of their revolution round the sun, are attracted and drawn to the earth. Reflect for a moment on the consequences which would ensue, if a hard meteoric stone were to strike the room in which we are assembled with a velocity sixty times as great as that of a cannon-ball. The dire effects of such a collision are effectually prevented by the atmosphere surrounding our globe, by which the velocity of the meteoric stone is checked and its living force converted into heat, which at last becomes so intense as to melt the body and dissipate it into fragments too small probably to be noticed in their fall to the ground. Hence it is that, although multitudes of shooting-stars appear every night, few meteoric stones have been found, those few corroborating the truth of our hypothesis by the marks of intense heat which they bear on their surfaces.
Descending from the planetary space and firmament to the surface of our earth, we find a vast variety of phenomena connected with the conversion of living force and heat into one another, which speak in language which cannot be misunderstood of the wisdom and beneficence of the Great Architect of nature. The motion of air which we call wind arises chiefly from the intense heat of the torrid zone compared with the temperature of the temperate and frigid zones. Here we have an instance of heat being converted into the living force of currents of air. These currents of air, in their progress across the sea, lift up its waves and propel the ships; whilst in passing across the land they shake the trees and disturb every blade of grass. The waves by their violent motion, the ships by their passage through a resisting medium, and the trees by the rubbing of their branches together and the friction of their leaves against themselves and the air, each and all of them generate heat equivalent to the diminution of the living force of the air which they occasion. The heat thus restored may again contribute to raise fresh currents of air; and thus the phenomena may be repeated in endless succession and variety.
When we consider our own animal frames, "fearfully and wonderfully made," we observe in the motion of our limbs a continual conversion of heat into living force, which may be either converted back again into heat or employed in producing an attraction through space, as when a man ascends a mountain. Indeed the phenomena of nature, whether mechanical, chemical, or vital, consist almost entirely in a continual conversion of attraction through space, living force, and heat into one another. Thus it is that order is maintained in the universe-nothing is deranged, nothing ever lost, but the entire machinery, complicated as it is, works smoothly and harmoniously. And though, as in the awful vision of Ezekiel, "wheel may be in the middle of wheel," and every thing may appear complicated and involved in the apparent confusion and intricacy of an almost endless variety of causes, effects, conversions, and arrangements, yet is the most perfect regularity preserved-the whole being governed by the sovereign will of God.
A few words may be said, in conclusion, with respect to the real nature of heat. The most prevalent opinion, until of late, has been that it is a substance possessing, like all other matter, impenetrability and extension. We have, however, shown that heat ca:n be converted into living force and into attraction through space. It is perfectly clear, therefore, that unless matter can be converted into attraction through space, which is too absurd an idea to be entertained for a moment, the hypothesis of heat being a substance must fall to the ground. Heat must therefore consist of either living force or of attraction through space. In the former case we can conceive the constituent particles of heated bodies to be, either in whole or in part, in a state of motion. In the latter we may suppose the particles to be removed by the process of heating, so as to exert attraction through greater space. I am inclined to believe that both of these hypotheses will be found to hold good-that in some instances, particularly in the case of sensible heat, or such as is indicated by the thermometer, heat will be found to consist in the living force of the particles of the bodies in which it is induced; whilst in others, particularly in the case of latent heat, the phenomena are produced by the separation of particle from particle, so as to cause them to attract one another through a greater space. We may conceive, then, that the communication of heat to a body consists, in fact, in the communication of impetus, or living force, to its particles. It will perhaps appear to some of you something strange that a body apparently quiescent should in reality be the seat of motions of great rapidity; but you will observe that the bodies themselves, considered as wholes, are not supposed to be in motion. The constituent particles, or atoms of the bodies, are supposed o be in motion, without producing a gross motion of the whole mass. These particles, or atoms, being far too small to be seen even by the help of the most powerful microscopes, it is no wonder that we cannot observe their motion. There is therefore reason to suppose that the particles of all bodies, their constituent atoms, are in a state of motion almost too rapid for us to conceive, for the phenomena cannot be otherwise explained. The velocity of the atoms of water, for instance, is at least equal to a mile per second of time. If, as there is reason to think, some particles are at rest while others are in motion, the velocity of the latter will be proportionally greater. An increase of the velocity of revolution of the particles will constitute an increase of temperature, which may be distributed among the neighbouring bodies by what is called conduction-that is, on the present hypothesis, by the communication of the increased motion from the particles of one body to those of another. The velocity of the particles being further increased, they will tend to fly from each other in conse· quence of the centrifugal force overcoming the attraction subsisting between them. This removal of the particles from each other will constitute a new condition of the body-it will enter into the state of fusion, or become melted. But, from what we have already stated, you will perceive that, in order to remove the particles violently attracting one another asunder, the expenditure of a certain amount of living force or heat will be required. Hence it is that heat is always absorbed when the state of a body is changed from solid to liquid, or from liquid to gas. Take, for example, a block of ice cooled down to zero; apply heat to it, and it will gradually arrive at 32°, which is the number conventionally employed to represent the temperature at which ice begins to melt. If, when the ice has arrived at this temperature, you continue to apply heat to it, it will become melted; but its temperature will not increase beyond 32° until the whole has been converted into water. The explanation of these facts is clear on our hypothesis. Until the ice has arrived at the temperature of 32° the application of heat increases the velocity of rotation of its constituent particles; but the instant it arrives at that point, the velocity produces such an increase of the centrifugal force of the particles that they are compelled to separate from each other. I t is in effecting this separation of partides strongly attracting one another that the heat applied is then spent; not in increasing the velocity of the particles. As soon, however, as the separation has been effected, and the fluid water produced, a further application of heat will cause a further increase of the velocity of the particles, constituting an increase of temperature, on which the thermometer will immediately rise above 32°. When the water has been raised to the temperature of 212°, or the boiling-point, a similar phenomenon will be repeated; for it will be found impossible to increase the temperature beyond that point, because the heat then applied is employed in separating the particles of water so as to form steam, and not in increasing their velocity and living force. When, again, by the application of cold we condense the steam into water, and by a further abstraction of heat we bring the water to the solid condition of ice, we witness the repetition of similar phenomena in the reverse order. The particles of steam, in assuming the condition of water, fall together through a certain space. The living force thus produced becomes converted into heat, which must be removed before any more steam can be converted into water. Hence it is always necessary to abstract a great quantity of heat in order to convert steam into water, although the temperature will all the while remain exactly at 212°; but the instant that all the steam has been condensed, the further abstraction of heat will cause a diminution of temperature, since it can only be employed in diminishing the velocity of revolution of the atoms of water. What has been said with regard to the condensation of steam will apply equally well to the congelation of water.
I might proceed to apply the theory to the phenomena of combustion, the heat of which consists in the living force occasioned by the powerful attraction through space of the combustible for the oxygen, and to a variety of other thermo-chemical phenomena; but you will doubtless be able to pursue the subject further at your leisure.
I do assure you that the principles which I have very imperfectly advocated this evening may be applied very extensively in eludicating many of the abstruse as well as the simple points of science, and that patient inquiry on these grounds can hardly fail to be amply rewarded.
Systems of Electrical Units
The State University of Iowa, Iowa City, Iowa I N his article on "Physical units and standards" in Eshbach's Handbook of engineering fundamentals (Wiley), E. Weber says that a "complete dimension system in mechanics must have three, in thermodynamics four, and in electromagnetism four fundamental dimensions." Yet elsewhere in this article he says: "The physical quantities, arbitrarily chosen to define new quantities or derived quantities, are called fundamental physical quantities. Their number may vary according to needs and convenience. Physical quantities which appear to be fundamental in some one special field may be derived quantities in some other field."
Ultimately each physical quantity-length, area, mass, force, and so forth-is essentially different; the expression of one in terms of another is a convention of science. For example, consider the geometric quantities area and length. These are essentially unlike quantities; area is the capacity of a surface for trees or chairs or square centimeters; length is something entirely different. Both are intuitive concepts with no self-evident relation between them. The unit of area is some arbitrarily chosen surface, say a treespread or (rather better for scientific purposes) an acre; the unit of length is an arbitrarily chosen length, say a centimeter. The magnitude of the area (A) means the number of area units and that of the length (1) means the number of length units. Now it can be shown that for similar figures the area (in any units) is proportional to the square of some characteristic length. For example, for circles with radii r, (1) where k is a constant of proportionality with dimensions (area/length 2 ). We must call k a dimensional constant because its value depends on the particular units used. In fact, it depends only on the units, and we call it a conversion factor instead of a geometric variable. We may now decide to adopt the universal practice of always using units that will give k some convenient fixed value. For example, we may adopt the relation
A=1·r 2 • (2)
We then say that "the proportionality constant is dimensionless," that the equation is a "definition of area" (meaning a definition of its magnitude, the numeric A, as we agree to use it). If the unit of length is a centimeter we call the unit of area a circular centimeter (analogous to a circular mil). We can then develop geometric equations that give correct area magnitudes as here defined. We are more likely, however, to adopt a different "definition of area," making k=7r, which makes A=[2 for a square; we call the area unit a square centimeter. Observe that introducing such a convention as this has a certain advantage and a certain disadvantage; it simplifies the equation and gives us one less constant to look up in tables. On the other hand, it restricts us to the use of consistent units; we cannot find the area in acres directly from Eq.
(1), as we can from Eq. (2).
* * *
In a consistent system of units the number of dimensions that are regarded as fundamental is arbitrary. In mechanics it is conventional to consider length, mass and time as fundamental. In the equation F=kma, k is regarded as dimensionless, is given a definite value (usually unity), and the equation. is called a defining equation for F; thus F is not regarded as a fundamental dimension. On the other hand, in the equation for gravitational attraction, F=Gmlm2/r2, G is not regarded as dimensionless; this equation is not regarded as a defining equation of mass. Mass is regarded as a fundamental dimension. This is entirely arbitrary; if we have three fundamental dimensions in mechanics it is only as a matter of convenience and convention.
In electricity the convention has not been so clearly established. Coulomb's law, (3) for the attraction between point charges in empty space may be regarded as a definition of the charge magnitude q, k being given some definite value, usually 1. If we adopt this convention the defining equation is (4) 
